Glioblastoma multiforme (GBM) is highly invasive and uniformly fatal, with median survival b 20 months after diagnosis even with the most aggressive treatment that includes surgery, radiation, and systemic chemotherapy. Cisplatin is a particularly potent chemotherapeutic agent, but its use to treat GBM is limited by severe systemic toxicity and inefficient penetration of brain tumor tissue even when it is placed directly in the brain within standard delivery systems. We describe the development of cisplatin-loaded nanoparticles that are small enough (70 nm in diameter) to move within the porous extracellular matrix between cells and that possess a dense polyethylene glycol (PEG) corona that prevents them from being trapped by adhesion as they move through the brain tumor parenchyma. As a result, these "brain penetrating nanoparticles" penetrate much deeper into brain tumor tissue compared to nanoparticles without a dense PEG corona following local administration by either manual injection or convection enhanced delivery. The nanoparticles also provide controlled release of cisplatin in effective concentrations to kill the tumor cells that they reach without causing toxicity-related deaths that were observed when cisplatin was infused into the brain without a delivery system. Median survival time of rats bearing orthotopic glioma was significantly enhanced when cisplatin was delivered in brain penetrating nanoparticles (median survival not reached; 80% long-term survivors) compared to cisplatin in conventional unPEGylated particles (median survival = 40 days), cisplatin alone (median survival = 12 days) or saline-treated controls (median survival = 28 days).
Introduction
Glioblastoma multiforme (GBM) is the most aggressive primary brain tumor with high rates of recurrence and a median survival time of b20 months even following aggressive surgical resection and subsequent irradiation and chemotherapy [1] . Temozolomide (TMZ) is the frontline chemotherapy since it is able to cross the blood brain barrier (BBB) and it provides some improvement in patient survival [1, 2] . However, TMZ effectiveness is limited by its low potency as an alkylating agent, dose-limiting systemic toxicity due to myelosuppression and lymphopenia [3] [4] [5] , rapid degradation in the body, and development of drug resistance [2, 4, 6] . As a result, new chemotherapeutic approaches for GBM are desperately needed [7] .
cis-Diamminedichloroplatinum (Cisplatin, CDDP) is a highly potent agent used to treat numerous types of cancer, including testicular, ovarian, bladder and lung cancers [8] . Additionally, systemic CDDP has been widely adopted as an adjuvant therapy for several brain tumors in pediatric patients, such as neuroblastoma and medulloblastoma [9] . However, CDDP administered systemically to adults with GBM causes severe nephrotoxicity and neurotoxicity at sub-therapeutic drug levels [10] [11] [12] [13] . Thus, clinical trials for GBM have investigated alternative platinum-based agents (i.e. carboplatin) that are less toxic, but also less effective [14] .
FDA approval in 1996 of Gliadel, composed of bischloroethylnitrosourea (BCNU) impregnated into a biodegradable polyanhydride wafer roughly the size of a quarter, proved that local delivery of chemotherapy in the brain can be both safe and effective in the treatment of GBM [15] . Importantly, local delivery eliminates the severe systemic toxicity observed with most systemically-administered chemotherapeutic drugs, including BCNU. However, the effectiveness of Gliadel is limited primarily because BCNU released from the wafers only penetrates a few millimeters into brain tissue [16] , but also because BCNU is not a particularly potent chemotherapeutic agent. Intracerebral infusion of CDDP at sub-therapeutic doses was safely conducted in humans with malignant glioma [17, 18] , but higher doses that might be effective were not tested due to safety concerns. Recent preclinical studies have revealed promising therapeutic outcomes following intratumoral administration of CDDP [19, 20] , but neurotoxicity of CDDP administered without a drug delivery system remains a significant limitation [20, 21] . The encapsulation of chemotherapeutics into nanoparticles (NP) that slowly mete the drug out at therapeutic levels can greatly improve drug safety and efficacy [8, 15] . Thus, it is logical to administer chemo-loaded NP locally to treat brain tumors. However, most NP do not penetrate tumors well since they are either too large to fit through the spaces between cells or their surfaces are adhesive to the extracellular matrix (ECM) [22] . Convection enhanced delivery (CED) has been widely explored to facilitate drug distribution in the brain [23, 24] . However, most NP still remain at the infusion site even with pressure-driven flow provided by CED [25, 26] , likely due to the nanoporous and highly adhesive ECM [27, 28] . We have previously demonstrated that a dense polyethylene glycol (PEG) corona on NP eliminates adhesive trapping in the brain parenchyma [29] , and that such particles rapidly penetrate healthy brain tissue if they are b114 nm in diameter [29] and brain tumor tissue if they are b 70 nm in diameter. We termed such particles "brain penetrating particles", or BPN, whereas we call the same particles without a dense PEG corona "un-PEGylated particles", or UPN [29] . Here, we describe the development of CDDPloaded polymer nanoparticles, with and without a dense PEG corona, that release CDDP in a controlled manner. We then compare the ability of the BPN and UPN to penetrate healthy brain tissue and brain tumor tissue, both ex vivo and in vivo, and to treat rats with orthotopic GBM.
Materials and methods

PEGylation of polypeptide
Poly(aspartic acid) (PAA) with a molecular weight of 27 kDa (Alamanda Polymers, Huntsville, AL) was reacted with PEG with a molecular weight of 5 kDa (Creative PEGworks, Winston Salem, NC) at a 1:10 M ratio, as facilitated by the addition of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Invitrogen, Carlsbad, CA) at stoichiometric concentrations, in 50 mM 2-(Nmorpholino)ethanesulfonic acid (MES Buffer, pH 5.0, Sigma Aldrich, St. Louis, MO). The reaction was carried out for 72 h at room temperature followed by dialysis against deionized water using a 20 kDa MWCO cassette (Spectrum Lab, Rancho Dominguez, CA) for 120 h. The solution was then lyophilized to obtain the PAA-PEG polypeptide which was then stored at -20°C until use. The PAA:PEG ratio was confirmed through nuclear magnetic resonance (NMR) to be~1:10 ( Fig.  S1 . Immediately prior to NP formulation, the lyophilized polymers were dissolved in ultrapure distilled water.
Fluorescent labeling
Fluorescent labeling dyes, Alexa Fluor® 555 and 647 (AF555 and AF647, Molecular Probes, Eugene, OR), were conjugated to PAA and PAA-PEG polypeptide, respectively, by dissolving in 200 mM borate buffer (pH 8.2) and reacting for 72 h at room temperature. The solution was dialyzed against deionized water using a 20 kDa MWCO cassette (Spectrum Lab) for 120 h, followed by lyophilization. The labeled polypeptides were stored at −20°C until use.
NP preparation and characterization
CDDP-loaded BPN (CDDP-BPN) and UPN (CDDP-UPN) were formulated using the following protocol. The CDDP-UPN were formulated by mixing 5 mM of CDDP (Sigma Aldrich) with 7.5 mM of aspartic acid (i.e. PAA only) in RNase-free water for 72 h at room temperature. For the CDDP-BPN, 5 mM of CDDP was mixed with 5 mM of aspartic acid (i.e. 9:1 aspartic acid ratio of PAA-PEG:PAA) in RNase-free water for 72 h at room temperature. NP were then collected using ultracentrifuge filters (Amicon Ultra, 100 kDa MWCO; Millipore, Billerica, MA) by centrifuging at 1000 xg for 10 min and stored at room temperature until further use. Physicochemical characteristics of NP were determined using a Zetasizer NanoZS (Malvern Instruments, Southborough, MA). All particles were diluted in 10 mM NaCl (diluted from phosphate buffered saline) and dynamic light scattering (DLS) was employed to determine the hydrodynamic diameter and polydispersity index (PDI) at a backscattering angle of 173 o . The surface charge (ζ-potential) of the particles was determined using laser Doppler anemometry. Quantification of CDDP within the NP was conducted through flameless atomic absorbance spectroscopy (AAS) (Perkin Elmer, Waltham, MA) and loading was calculated as the % mass of CDDP in the total sample. NP imaging was conducted using a Hitachi H7600 transmission electron microscope (TEM, Hitachi, Japan).
CDDP release kinetics
To determine the CDDP release over time, CDDP-UPN or CDDP-BPN were dispersed in 1 mL of artificial cerebrospinal fluid (ACSF) (Harvard Apparatus, Holliston, MA) within a 100 kDa MWCO dialysis membrane (Spectrum Laboratories, Rancho Dominguez, CA). The chamber was then placed in a 14 mL ACSF sink and shaken at 37°C. At specific time points, the entire sink volume was removed and replaced with 14 mL of fresh ACSF. Samples were quantified using AAS.
In vitro cell viability
Rat brain tumor cells, including 9 L gliosarcoma and F98 glioma lines, were cultured and passaged in Dulbecco's Modified Eagles Medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen) and 1% penicillin streptomycin (Invitrogen). Cells were seeded at a concentration of 2000 cells/well in 100 μL of media and allowed to attach overnight in 96 well plates. On the following day, the media was replaced with 100 μL of fresh media and 10 μL of either CDDP or CDDP-BPN (20 μM to 0.002 μM in 10-fold dilutions) was administered. Cells were incubated for 3 days at 37°C and 5% CO 2 . To quantify the number of live cells, media was replaced with 100 μL of fresh medium and 10 μL of Dojindo Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc., Rockville, MD) solution was added. Cells were incubated for 2 h at 37°C
, followed by the measurement of absorbance at 450 nm using a Synergy Mx Multi-Mode Microplate Reader (Biotek, Instruments Inc. Winooski, VT). The % cell viability was normalized to the untreated cell control.
Neocortical slice preparation and multiple particle tracking
Healthy or tumor-bearing rat brain tissue slices were prepared according to a slightly modified protocol of a previously publication [29] . F98 tumor-bearing Fischer 344 rats were sacrificed 12 days after the tumor inoculation (1 × 10 5 cells) to ensure a significantly large tumor bulk for investigation. Healthy or tumor-bearing brain tissue was sliced into 1.5 mm thick slices using a Zivic Mouse Brain slicer (Zivic instruments, Pittsburgh, PA) and placed in custom-made microscopy chambers. Half a microliter of fluorescently labeled particles was injected at a depth of 1 mm into the cerebral cortex using a 10 μL Hamilton Neuros Syringe (Hamilton, Reno, NV). The chambers were sealed using a coverslip to minimize convective bulk flow so that particle movement could be fully attributed to Brownian diffusion. The particle transport rate was calculated by analyzing the particle trajectories in brain tissue slices (N = 3 for each particle type) as described previously [29] . The particle trajectories were recorded as 20 s movies at an exposure of 66 ms, using an EMCCD camera (Evolve 512; Photometrics, Tuscon, AZ) mounted on an inverted epifluorescence microscope (Axio Observer D1, Carl Zeiss, Hertfordshire, UK) equipped with a 100× oil-immersion objective (NA 1.3). Median mean squared displacement (MSD) of the various nanoparticle types was calculated and compared at a timescale of τ = 1 s. The median value as opposed to an ensemble average of the individual nanoparticle MSD was calculated due to the inherent heterogeneity and non-gaussian distributions of particle transport in the rat brain [30] . Theoretical MSD of NP in ACSF was calculated using theoretical Stokes-Einstein equation and the mean particle diameter calculated through DLS.
Fluorescence-based imaging of in vivo NP distribution
Fluorescently labeled CDDP-UPN and CDDP-BPN (12 μg of CDDP) at a ratio of 1:1 were loaded in a 50 μL Hamilton Neuros Syringe (Hamilton) and co-administered into the striatum of male Sprague Dawley rats (200-220 g). A burr hole was drilled 3 mm lateral and 1 mm posterior to the bregma. For manual injection, the catheter was lowered to a depth of 4.0 mm and raised up 0.5 mm. The NP mixture was manually administered at a rate of 2 μL/min for a total volume of 10 μL. Catheter was then withdrawn at a rate of 1 mm/min. For CED, the catheter was vertically mounted on a Chemyx Nanojet Injector Module (Chemyx, Stafford, TX), which was held on a small animal stereotactic frame (Stoelting, Wood Dale, IL). The catheter tip was lowered to a depth of 3.5 mm and NP were infused at a rate of 0.33 μL/min, followed by catheter withdrawal at a rate of 1 mm/min. Animals were sacrificed 1 h post-administration and the brains were removed and immediately frozen on dry ice. Tissues were cryosectioned (Leica CM 3050S, Leica Biosystems, Buffalo Grove, Il) into 100 μm coronal slices and imaged using a Zeiss confocal 710 laser scanning microscope through DS Red (AF555, CDDP-UPN), and Cy5 (AF647, CDDP-BPN) channels. As previously conducted [31] , confocal images of brain slices were quantified for fluorescent distribution of NP within the striatum using a custommade MATLAB script which thresholded the images at 10% of the maximum intensity. Fluorescent distribution of NP in the ventricles or white matter tracts (WMT) was avoided and not included in the volume of distribution quantification. The area of distribution calculated from each slice was multiplied by the slice thickness of 100 μm and summated across all images to obtain a total volume of distribution.
Toxicity of locally administered CDDP in healthy rats
A 10 μL solution of CDDP (12 μg and 24 μg) or CDDP-BPN (12 μg, 24 μg, and 48 μg) was administered intracranially using a manual injection (e.g., bolus injection) or CED. For the next 5 days following the CDDP administration, rats were evaluated 3 times a day for physical deficiencies and subsequently once every day. Weights were recorded every other day and rats were sacrificed as needed for clinical evaluation of symptoms. The study was terminated 30 days after CDDP administration.
In vivo tumor inoculation
Female Fischer F344 rats (100-140 g) were anesthetized for the inoculation of F98 glioma cells with a mixture of ketamine-xylazine, as previously described [32] . Briefly, a sagittal incision was made to expose the skull followed by the drilling of a burr hole 1 mm posterior and 3 mm left of the bregma. A 10 μL solution of F98 glioma cells was administered into the striatum at a depth of 3.5 mm. The head was then closed using biodegradable sutures (Polysorb™ Braided Absorbable Sutures 5-0, Covidien, Mundelein, Il) and Bacitracin was applied gently.
Efficacy of CDDP-BPN against an orthotopic brain tumor model following CED
For the first study, F98 glioma cells (1 × 10 3 cells in 10 μL) were inoculated on Day 0. We treated the animals on Day 7 according to a prior study that determined that the tumors were established at that time point [33] . Therefore, on Day 7, the burr holes were re-accessed and animals were treated via CED with 10 μL of the following treatment groups: normal saline (NS), CDDP, CDDP-UPN and CDDP-BPN. The concentration of CDDP in each CDDP treatment group was 1.2 mg/mL. Further investigation of the therapeutic efficacy following CED of CDDP-BPN took place in a similar manner but with a higher tumor cell inoculum. F98 glioma cells (1 × 10 5 cells in 10 μL) were administered on Day 0, and animals were randomized into 3 separate groups: normal saline, radiotherapy only and CDDP-BPN. On Day 3, rats in the last group were anesthetized and received CDDP-BPN via CED. The concentration of CDDP was 1.2 mg/mL. On Day 4, rats undergoing radiotherapy only were anesthetized and a focused radiation beam (2 Gy/min for a total of 15 Gy) was applied on the ipsilateral hemisphere where the tumor was implanted.
Following the inoculation or treatment, rat brains were sealed using biodegradable sutures and placed on a heating pad until anesthesia effects wore off. Rats were monitored for deficiencies daily and weighed every other day. Animals were sacrificed when deemed humanely necessary in a blinded manner according to John's Hopkins Animal Care and Use policy. Rat brains were harvested and sent to Johns Hopkins Reference Histology for processing and H&E staining.
Statistical analysis
Statistical analysis between two groups was conducted using a twotailed Student's t-test assuming unequal variances. If multiple comparisons were involved, one-way analysis of variance (ANOVA), followed by post hoc test, was employed, using SPSS 18.0 software (SPSS Inc., Chicago, IL). Differences were determined to be statistically significant at p b 0.05.
Results
Physicochemical characterization of CDDP nanoparticles
We encapsulated CDDP into nanoparticles composed of either PAA alone (CDDP-UPN), or of a 9:1 mixture of PEGylated PAA with unPEGylated PAA (CDDP-BPN), by mixing the polymers with CDDP in defined ratios in water followed by stirring for 72 h. PEGylated PAA contained an average of ten PEG chains (each 5 kDa) per 27 kDa PAA (Fig. S1 ). Table 1 shows that CDDP-BPN possessed a diameter of 74 ± 2 nm, a low PDI (0.11 ± 0.02), and near neutral surface charge as indicated by ζ-potential (−8.6 ± 1.1 mV), whereas CDDP-UPN were slightly smaller at 65 ± 3 nm in diameter, and possessed a higher PDI (0.2 ± 0.01) and a highly anionic surface charge (− 35 ± 2.0 mV) since the charge of the carboxyl side groups of PAA were not shielded by a PEG corona. Both NP formulations were spherical in shape (Fig. 1A and B) and encapsulated a high concentration of CDDP, with a higher drug quantity loaded in a CDDP-BPN (19.5 ± 1.4% w/w) compared to the CDDP-UPN (9.5 ± 1.6% w/w). Sustained CDDP release kinetics were observed over a period of 24 h for both formulations incubated in ASCF (Fig. 1C) . The overall percentages of encapsulated CDDP released from CDDP-BPN and CDDP-UPN over 72 h were~60% and 80%, respectively.
In vitro cytotoxicity of CDDP-BPN against rat glioma cells
In vitro tests in F98 glioma and 9 L gliosarcoma lines showed that a 20 μM dose of unencapsulated CDDP in aqueous solution or CDDP-BPN imparted significant cytotoxicity (Fig. S2) . In general, CDDP and CDDP-BPN treatments did not yield significant differences in cytotoxicity in either cell line, suggesting that delivering CDDP in BPN did not reduce the intrinsic potency of CDDP. Both CDDP and CDDP-BPN treatments exhibited higher levels of efficacy against F98 cells compared to 9 L cells at dosages of 2 and 20 μM.
Ex vivo diffusion of CDDP nanoparticles in healthy and tumor brain tissue
To test the rate of NP diffusion within the brain tissue parenchyma, we tracked the movements of fluorescently labeled CDDP-UPN and CDDP-BPN in freshly excised healthy rat brain tissue and in F98 tumor tissue that had been freshly excised from rat brains. Individual particle trajectories were tracked and their MSD were quantified using multiple particle tracking (MPT). The MSD represents a square of distance traveled by a particle within a given time interval (i.e., timescale or τ), and thus the greater the MSD, the faster the particle diffusion [34] . As shown by representative trajectories, CDDP-BPN traversed greater distances over 20 s in healthy ( Fig. 2A) and tumor-bearing (Fig. 2B ) rat brain tissues compared to the highly confined motions of CDDP-UPN. The diffusion rates of CDDP-BPN and CDDP-UPN in brain tissues were 285-fold and 17,000-fold lower, respectively, than their theoretical diffusion rates in ACSF at τ = 1 s (Table 1) . Overall, CDDP-BPN diffused significantly faster than CDDP-UPN in both healthy and tumor-bearing brain tissues (Fig. 2C) .
In vivo distribution of CDDP nanoparticles following intracranial administration
To verify our ex vivo findings, we co-infused fluorescently labeled CDDP-UPN and CDDP-BPN into the striatum of live rats and measured the volume of distribution (Vd) of each. When administered as a manual co-injection, the Vd of CDDP-BPN in the striatum was 14-fold higher than that of CDDP-UPN (Fig. 3A, C) . Of note, however, over 50% of CDDP-BPN and 70% of CDDP-UPN, respectively, were found in WMT following manual co-injection (Fig. 3A, D) . As previous studies have described [35] , backflow of the infused solution leads to preferential flow through the WMT, thus reducing therapeutic distribution in the striatum. We further co-administered CDDP-UPN and CDDP-BPN using CED to determine whether the pressure-driven flow could improve the Vd. CDDP-BPN administered by CED homogeneously distributed throughout the striatum (Fig. 3B) , with a 6.5-fold enhancement in Vd compared to administration of the same particles by manual injection (Fig. 3C) . The Vd of CDDP-UPN was also enhanced by CED, albeit only by a factor of 3. Overall, the Vd of CDDP-BPN was 29-fold higher that of CDDP-UPN when both formulations were administered by CED (Fig.  3C) . Furthermore, b 20% of CDDP-BPN and CDDP-UPN were found within WMT after CED (Fig. 3D) .
Maximum tolerated dose following local administration
Given that CDDP is highly toxic when administered directly into the brain [21] , we next evaluated whether the controlled release of CDDP from BPN provided an improved safety profile following intracranial administration. Healthy rats were treated with various intracranial doses of either CDDP in aqueous solution or CDDP-BPN in 10 μL solution by manual injection. Rats treated with CDDP-BPN at doses of 12 μg (100% survival) and 24 μg (80% survival) fared better than those treated with CDDP at the same doses (47% survival and 23% survival, respectively) (Fig. 4) . Furthermore, 40% of rats treated with 48 μg CDDP-BPN were long-term survivors, representing an improvement in CDDP tolerability compared to animals treated with CDDP at half that dose. A dose of 48 μg of CDDP could not be tested due to the limited solubility of CDDP in water. Similarly, we administered CDDP-BPN and CDDP using CED to determine whether the method of administration had an effect on CDDP tolerability. CED-administered CDDP-BPN at 12 and 24 μg were both better tolerated than CDDP administered at 12 μg. Thus, the CDDP-BPN formulation enables the administration of higher CDDP doses compared to CDDP without encapsulation. Prior studies have safely administered 6 μg of CDDP intracranially [21] . Here, we found that the maximum tolerable dose (MTD) of CDDP delivered in CDDP-BPN is 2-fold higher at 12 μg (Fig. 4A, B) with both manual injection and CED administration methods.
Efficacy in an aggressive rat brain tumor model
We next evaluated the ability of CDDP-BPN, CDDP-UPN, and CDDP (each delivered by CED at a total dose of 12 μg CDDP) to enhance survival of F98 tumor-bearing rats, with one group receiving NS alone as control (Fig. 5A ). F98 forms highly aggressive tumors that mimic many of a Hydrodynamic diameters and PDI were measured in 10 mM NaCl at pH 7.0. Data are presented as average of at least 3 measurements. b ζ-potentials were measured by laser Doppler anemometry in 10 mM NaCl at pH 7.0. Data are presented as average of at least 3 measurements. c These ratios indicate the extents to which diffusion of CDDP NP (median MSD) in healthy and tumor-bearing brain tissues is reduced compared to their diffusion in ACSF. the hallmarks of human GBM, including a highly invasive pattern of growth and overexpression of protein-based tumor markers such as PDGFβ and EGFR [36] . Moreover, F98 glioma is lethal following intracranial inoculation of only 500 cells in Fischer rats [37] due to its low immunogenicity; we have extensive experience with implanting the F98 glioma and have had 100% tumor inoculation efficiency.
In the first study, animals were inoculated with 1 × 10 3 F98 cells and subsequently treated after tumor establishment (on day 7). Control animals that did not receive CDDP (infusion of NS alone) had a median survival of 28 days with 0% long-term survivors (Figs. 5B, S3A and Table 2 ). Animals treated with CDDP had a median survival of only 12 days, as the majority of rats (N50%) demonstrated seizure-like symptoms and required humane euthanization ( Fig. 5B and Table 2 ). Treatment with CDDP-UPN significantly enhanced median survival (40 days) compared to CDDP treatment. However, the majority of rats treated with CDDP-UPN eventually died (70% mortality; Fig. 5B and Table 2 ) due to tumor growth and significant brain herniation (Fig.  S3B) . On the other hand, 80% of animals treated with CDDP-BPN were long-term survivors, which was statistically significant (p b 0.05) compared to all other treatment groups ( Fig. 5B and Table 2 ). Long-term survivors displayed no obvious neuropathological symptoms 100 days after tumor inoculation (S. Video 1). Histopathological analysis of brains harvested from survivors revealed that there was no tumor remnant ( Fig. S3C, S3F ). Brain tissues from surviving rats exhibited various levels of ventricular distension, which is often observed and generally well managed by ventriculoperitoneal shunts in brain tumor patients [38] . We further tested the therapeutic efficacy of CDDP-BPN administered by CED against orthotopic F98 rat brain tumors established by inoculating a higher number of cells (1 × 10 5 ) (Fig. S4A) . Even in these more advanced tumors, treatment with CDDP-BPN cured a majority of animals (60% long-term survivors). The brains of surviving rats, processed 120 days after initial tumor inoculation, demonstrated no signs of remaining tumor. Of note, one animal in this group required early euthanization, which was likely due to CDDP-related toxicity. In contrast, non-treated control animals and animals treated with focused radiotherapy alone had median survival times of 20 and 28 days, respectively (Fig. S4B, S4C ).
Discussion
Improving the distribution of a chemotherapeutic within the tumor parenchyma following intracranial administration is essential for achieving improved therapeutic outcome [23, 39] , but current drug delivery strategies have been unable to effectively address this requirement. Small molecule drugs administered directly into the brain fail to distribute as they are rapidly metabolized or eliminated [39] . On the other hand, while conventionally designed drug delivery NP avoid rapid clearance, they remain largely immobilized within the tumor extracellular space at the immediate vicinity of the point of administration [25, 26] . We carefully engineered CDDP-BPN by tailoring its physicochemical characteristics in order to achieve highly uniform and widespread distribution throughout the brain tumor tissues [22, 29, 39] . These densely PEGylated CDDP-BPN provide sustained delivery of high CDDP concentrations to a large population of tumor cells in the tumor cores and likely at the infiltrating ends, thereby decreasing the tumor recurrence rates and improving therapeutic outcomes.
In order to formulate CDDP NP possessing highly PEGylated surfaces, we have conjugated PEG polymers to PAA at a high PEG:PAA ratio of 10. However, effective CDDP complexation into a PAA-based NP is dependent on the number of available carboxyl groups for the formation of coordination bonds [40] . Hence, we anticipated that the conjugation of a large number of PEG chains to the carboxyl groups of PAA would compromise CDDP loading. Employing a strategy previously described by our group to improve NP condensation [31, 41, 42] , a small weight % (10%) of un-PEGylated PAA was incorporated into the CDDP-BPN formulation. This provided additional carboxyl groups that bind with CDDP, thereby improving the CDDP loading (Table S1) . A dense PEG layer on the resulting CDDP-BPN was confirmed by the near neutral surface ζ-potential and the ability of the NP to rapidly diffuse ex vivo and distribute in vivo within rat brain tissues. This is in good agreement with our previous findings with various BPN formulations specifically designed for the delivery of different types of chemotherapeutics [22, 29] and nucleic acids [31, 42] .
CDDP is known for its high anti-tumor potency, but its applicability for treating human GBM has been limited due to the significant toxicities that arise when locally or systemically administered [8] . Two clinical studies to date have investigated local administration of CDDP for treating malignant glioma and managed CDDP-associated toxicity, but it was achieved only at low CDDP dosages where therapeutic benefit is negligible [15, 43] . Controlling the release kinetics of CDDP has been shown to alleviate its toxicities in a variety of tumor models by preventing the exposure of cytotoxic concentrations to the surrounding healthy tissues [44] [45] [46] [47] . Here, both CDDP-UPN and CDDP-BPN formulations exhibited sustained release of CDDP over 24 h in ACSF, likely triggered by the presence of chloride, calcium, and magnesium ions that compete with CDDP for carboxylate coordinate bonds [48] . However, less overall percentage of encapsulated CDDP was released from CDDP-BPN (~60%) compared to CDDP-CP (~80%). We speculate that the discrepancy may be attributed to the dense surface PEG coatings of CDDP-BPN that interfere with an access of ions into the core of the particles. Overall, we confirmed that while locally administered CDDP-BPN were well tolerated by rats, dose-matched free CDDP led to significant acute toxicity. We also note that CDDP delivered in a NP with sustained release enables the administration of significantly higher overall doses of CDDP that can further lead to improved therapeutic efficacy. Given that CDDP-associated toxicities at therapeutically relevant doses have led to the early termination of several clinical trials, the improved safety profile of CDDP provided by a BPN formulation opens a path to reevaluate this highly potent chemotherapeutic for treating GBM [12, 49] .
The expected benefit of localized chemotherapeutic delivery in providing therapeutically effective concentrations within the tumor has resulted in the clinical development of the Gliadel® wafer [50] ; however, limited diffusion of the encapsulated drugs away from the wafer has minimized its therapeutic efficacy [16] . Here, we characterized the distribution of CDDP NP using two, well-detailed strategies, including manual injection [24] and CED [23, 24] . When administered using a manual injection, CDDP-BPN achieved a higher Vd within the rat striatum as compared to that of the conventionally designed CDDP-UPN. However, a significant fraction of injected CDDP-BPN was found in the WMT, likely due to fluid backflow resulted from the pressure buildup mediated by rapid injection. When administered using CED, CDDP-BPN was able to harness the advantages of the pressure-driven fluid flow provided by CED and achieved more homogeneous and significantly greater Vd within the striatum while minimizing its presence in WMT. CED has been widely employed in clinical trials for intracranial administration of therapeutics following tumor resection of patients diagnosed with high grade gliomas [51] [52] [53] . These studies were conducted under the notion that CED can achieve therapeutic distribution up to centimeters away from the administration site [54] ; however, investigational studies following the failure of these clinical trials have revealed that the distribution remains poor and nonhomogeneous [55] . Similarly, we demonstrated that conventional, un-PEGylated nanoparticles (i.e. CDDP-UPN) administered via CED distributed poorly in the rat brain, and thus provided only marginal therapeutic benefit over free CDDP. In contrast, CED of CDDP-BPN, due to its unique ability to efficiently percolate brain tissue, resulted in widespread therapeutic distribution within the rat striatum, thereby leading to a markedly greater survival compared to all other conditions tested. The translational applicability of this CDDP NP platform for treatment of tumors has been established by a similar, PEG coated, peptide-based CDDP NP which has demonstrated promising Phase I/II results and is currently under investigation in a Phase III clinical trial for pancreatic cancer [56] . We note that the PEGylated CDDP NP tested in this clinical study possess diameters of 30 nm, which is significantly smaller than the CDDP-BPN detailed in this study. However, it is yet to be determined whether the surface PEG density on these particles is high enough to provide efficient penetration through the brain tissue, as achieved by CDDP-BPN. Importantly, prior studies have demonstrated that the extent of distribution is far more dependent upon the surface chemistry of the nanoparticle rather than their sizes [57] , as long as particle diameters remain small enough to fit through the brain extracellular space [29] . Overall, we anticipate that local, intratumoral administration of CDDP-BPN via CED may provide a promising adjuvant therapy for patients diagnosed with high grade gliomas.
Conclusion
The development of a CDDP-BPN addresses two major concerns pertaining to the use of CDDP as a chemotherapeutic agent and enables us to harness the potency of CDDP for the treatment of GBM. Namely, administering CDDP-BPN using CED (1) reduces the inherent toxicities associated with CDDP and (2) delivers high overall concentrations of CDDP throughout the tumor bulk, yielding improved therapeutic efficacy. As a therapeutic platform, we anticipate that CDDP-BPN delivered using CED can be combined with additional adjuvant therapies such as radiotherapy that may further improve the treatment and outcome of patients with GBM.
